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SUMMARY
Procedures for calculating the mass flow rate of methane and natural gas through
nozzles are given, along with the FORTRAN IV subroutines used to make these calcula-
tions. Three sets of independent variables are permitted in these routines. In addi-
tion to the plenum pressure and temperature, the third independent variable is either
nozzle exit pressure, Mach number, or temperature. A critical-flow factor that be-
comes a convenient means for determining the mass flow rate of methane through
critical-flow nozzles is tabulated. Other tables are included for nozzle throat velocity
and critical pressure, density, and temperature ratios, along with some thermody-
namic properties of methane, including compressibility factor, enthalpy, entropy,
specific heat, specific-heat ratio, and speed of sound. These tabulations cover a tem-
perature range from 120 to 600 K and pressures to 300×105 N/m 2.
INTRODUCTION
When nozzles are used for measuring the mass flow rate of gases, it is usually as-
sumed that the flow of the gas from the plenum to the throat of the nozzle is one dimen-
sional and isentropic; and, in addition, the assumption is frequently made that the gas
is perfect. For a typical nozzle, the assumption of one-dimensional and isentropic flow
is a good approximation. Actual deviations from these conditions can be handled by ap-
plying a multiplying factor (the discharge coefficient) that is almost unity and is a func-
tion of Reynolds number and nozzle geometry. The assumption that the gas is perfect
is sufficiently accurate for gases such as air or nitrogen at room temperatures and at
pressures up to a few atmospheres. However, for gases such as methane or natural-
gas mixtures, this assumption breaks down even at atmospheric pressure because of
the strong dependence of specific heat on temperature. At high pressures and/or low
temperatures, the effect of compressibility factor variation becomes important. (In
this report, a perfect gas is defined as one whose compressibility factor has a value of
unity and whose specific heat is a constant whose value depends only on the composition
of the gas. A perfect gas should be distinguished from an ideal gas, which, in this re-
port, is defined as a gas whose compressibility factor has a value of unity but whose
specific heat varies with temperature. In the absence of dissociation, all real gases
approach this ideal-gas condition as the pressure is reduced.)
There is a casewhere the real-gas, mass-flow-rate calculation is easy to make.
This is the casewhere the changein pressure and temperature of the gasas it flows
from the plenumto the throat of the nozzle is muchsmaller than the absolute level of
pressure and temperature. The flow is then considered incompressible, and the real-
gas correction consists of using the actual value of density in the flow equationrather
than the value that would result from the perfect-gas assumption. However, in this mode
of operation, it is necessary to measurea differential pressure betweenthe plenumand
the throat of the nozzle which is muchsmaller than the pressure level. At high pressure
levels, this is a difficult measurementto makeaccurately. There is a secondmode of
nozzle operation which eliminates the needof making this accurate differential pressure
measurement. In this mode, the pressure at the exit of the nozzle is made so low that
the flow velocity at the throat of the nozzle is sonic. Oncethis condition is reached, the
mass flow rate throughthe nozzle does not changeas the nozzle exit pressure is lowered
further. A nozzle operating in this modeis referred to as a critical-flow nozzle; and,
under this condition, the mass flow rate of the gas through thenozzle dependsonly on
plenumpressure, plenumtemperature, andgas composition. However, the real-gas,
mass-flow-rate calculation for a critical-flow nozzle is not so simple as that for a noz-
zle operating in the incompressible flow mode. In fact, in the absenceof appropriate
tables, this computationusually necessitatesthe useof a digital computer.
In reference 1, critical-flow tables are presented for methaneandnatural-gas mix-
tures. By using these tables, theisentropic mass flow rate of thesegases through
critical-flow nozzles canbecalculated. These tables cover temperatures from 250to
390K and pressures to 69×105N/m 2. The state equationusedin thesecomputationsis
that developedby Benedict, Webb, andRubinand reported in references 2 to 4. Since
1940, whenthis equationwas first presented, more accurate state data for methanehave
beenobtained(refs. 5and 6). In 1969, Vennix and Kobayashi(ref. 7) presenteda state
equationwhosecoefficients were computedfrom this more recent andaccurate data.
Except for the data points in the liquid region, the pressures predicted by the state equa-
tion of reference 7 agree with the measuredpressures in references 5and 6 to within
0.1 percent. According to reference 7, this state equationis valid for pressures to
410×105N/m 2 and for temperatures from 130to 625K.
Natural gas is being consideredas a fuel for propulsion andpower systems to be
usedfor aircraft and ground transportation, and methaneis the principal componentof
natural gas. Therefore, isentropic flow calculations basedon the more accurate state
equationof reference 7 wouldbe useful. Suchcalculations wouldalso be useful to the
natural-gas industry in the metering of fuel.
In this report, a critical-flow factor that permits the computationof the isentropic
mass flow rate of methanethrough critical-flow nozzles is tabulated. Besides this
critical-flow factor, additional critical-flow functions are tabulated. These are the noz-
zle throat velocity, the ratio of throat to plenum pressure, the ratio of throat to plenum
density, and the ratio of throat to plenumtemperature. In addition, some thermody-
namic state functions are included in the tabulations. Theseare compressibility factor,
enthalpy, entropy, specific heat, specific-heat ratio, and speedof sound. These tabu-
lations cover pressures to 300×105N/m 2 and temperatures from 120to 600 K. In addi-
tion to these tabulations, a methodbasedon the principle of corresponding states, by
which the state equationused for methanecanbe extendedto natural-gas mixtures, is
presented in appendixB. The FORTRANIV computer subprograms used to make the
methanecomputationsare described and presented in appendixC. Appendix D describes
and presents the FORTRAN IV subprograms that apply to natural-gas mixtures. All
symbols are defined in appendix A. The International System of Units (SI) is used
throughout this report.
CALCULATION PROCEDURES
The compressibility factor for methane and natural-gas mixtures as given in appen-
dix B is a ful{ction of density and temperature. For this reason, the calculation of the
mass flow rate of these gases through critical-flow nozzles requires that the entropy,
the enthalpy, and the speed of sound be expressed in terms of density and temperature.
To do this requires the following functions of the compressibility factor:
ZI(P,T) = Z - p (1)
pRT
Zii(P ,w) = Z +T _-_ Rp\ST]p
(2)
(3)
ZIV(P ,T) : (ZII - 1) dp
P
(4)
fO p
Zv(p, T) = (7,11 _ ZI ) d_.p_
P
(5)
Cv ideal - C
= _ V
R
(6)
(These and most of the other equations in this section can be found in ref. 8). For an
ideal gas, ZI, ZII , and ZII I equal unity; and ZIV , ZV, and ZVI equal zero.
In addition, two functions of the ideal-gas specific heat are necessary. These are
_I(T) =f Cv_ Rideald_.T_TT (7)
_II(T) =f CV_Rideal dT (8)
The equations for the ideal-gas specific heat and the related functions _I and _II are
given in appendix B for both methane and natural-gas mixtures.
In terms of the functions represented by equations (1) to (8), the following thermo-
dynamic quantities can be expressed as functions of density and temperature:
S: _I -In p- ZIV
R
(9)
H= T(ZI ZV )R _II + - (10)
Cv Cv,ideal
R R
ZVI (11)
c c
__P_: __Zv+ __
R R ZII I
(12)
C
7 = _..P_P
C
V
(13)
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k= zii (14)
P\aPJ S P\ap/T Z I
c_=k_IRT (I5)
Now that entropy, enthalpy, and speed of sound are given in terms of density and
temperature, the procedures for calculating the flow functions tabulated in this report
can be discussed. While these flow functions are concerned with critical flow, the cal-
culation procedures contained in the computer routines are more general. These pro-
cedures permit three sets of independent variables. The plenum pressure and the
plenum temperature are independent variables included in all three sets. The third in-
dependent variable can be either nozzle throat temperature, nozzle throat pressure, or
nozzle throat Mach number. For the case of critical flow, the nozzle throat Mach num-
ber would be specified and would have a value of unity. For the case of subsonic flow,
the pressure at the nozzle throat would be specified. In all cases, the flow from the
plenum ahead of the nozzle, where the gas is essentially at rest, to the throat of the
nozzle is assumed to be isentropic and one dimensional. The quantities that have to be
determined in order to make the mass-flow-rate calculation are the density and flow
velocity at the nozzle throat. The equations that have to be solved for these three cases
are as follows:
CaseI -Given P0' TO' and T 1
P0 = Z(P0' T0)P0RT0 (16)
S(P 0,T O) =S(P 1,T 1) (17)
H(P0,T0) = H(Pl,T1)+ Iv_ (18)
Case II -Given P0' TO' and Pl
In addition to equations (16) to (18), the following equation has to be satisfied:
Pl = Z(Pl, T1)PlRT1 (19)
Case III- Given P0' TO' and M 1
In addition to equations (16) to (18), the following equation has to be satisfied:
v1
M 1 - (20)
ff(Pl'TI)
The solution of the sets of equations for any of the three cases determines the value
of the nozzle throat density and nozzle throat velocity. In fact, thermodynamic state
functions as represented by equations (9) to (15) can now be easily determined at both the
plenum and throat of the nozzle. The iteration procedures necessary to solve these sets
of equations are given in reference 8.
The mass flow rate of the gas through a nozzle whose throat has geometric area A 1
is then
rh = CDAlPlV 1 (21)
The quantity C D is referred to as the discharge coefficient. It has a value close to
unity. The amount that CD deviates from unity mainly represents the effects of non-
one-dimensional and nonisentropic flow in the boundary layer of the nozzle. The value
of CD is usually determined by a nozzle calibration and is considered to be uniquely
determined by Reynolds number.
RESULTS AND DISCUSSION
Methane
The isentropic mass flow rate of methane through critical-flow nozzles was calcu-
lated. The result of this calculation is a critical-flow factor which is defined as fol-
lows:
C* = (PlVl) R_0
P0
For a perfect gas, C* would only depend on the specific-heat ratio and would equal
cperf = 7\7 + 1/
1/2
(22)
(23)
In terms of C*, the mass flow rate of methanethrough the critical-flow nozzle is
P0
rn = CDA1C* (24)
The value of the gas constant R for methaneis 518.26J/(kg)(K) Thesecalculations
also yielded two groups of quantities. The first group contains flow quantities that de-
pendonboth plenumand nozzle-throat conditions. Theseare given in tables I to V and
are
(1) The critical-flow factor C* as definedby equation (22) - table I
(2)Nozzle throat velocity, Vl, m/sec - table II
(3) Critical pressure ratio, pl/p 0 - table HI
(4) Critical density ratio, pl/p 0 - table IV
(5) Critical temperature ratio, T1/T 0 - table V
The second group" contains thermodynamic state functions that depend only on gas tem-
perature and pressure. These are given in tables VI to XI and are
(1) Compressibility factor, Z - table VI
(2) Enthalpy, H/R, K - table VII
(3) Entropy, S/R - table VIII
(4) Specific heat, Cp/R - table IX
(5) Specific-heat ratio, V - table X
(6) Speed of sound, _, m/sec - table XI
The pressure range is from 0 to 300×105 N/m 2 and the temperature range is 120 to
600 K. If methane were a perfect gas, C*, pl/P0, pl/P0, T1/T0, Z, Cp/R, and V
would be independent of pressure and temperature. That is, they would be constant.
Figures 1 and 2 are presented to illustrate these variations. The critical-flow factor
(fig. 1) and the specific heat (fig. 2) are plotted as functions of pressure and tempera-
ture. In both cases, the temperature dependency at zero pressure represents the effects
of the variation of the ideal-gas specific heat, and the amount that an individual curve
varies with pressure represents the effects of the variation of the compressibility factor.
The sensitivity to pressure of both the critical-flow factor and the specific heat dimin-
ishes as the temperature increases.
All the flow calculations given in this report involve a state equation whose accuracy
is estimated by the author to be 0.1 percent in the gaseous phase and an ideal-gas
specific-heat equation that probably has the same degree of accuracy. Because of this,
most of the thermodynamic properties that are tabulated should have approximately the
same order of accuracy except at the upper and lower temperature limits of the tabula-
tions. There are two tabulated thermodynamic functions that become infinite at the
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critical point. These functions are the specific heat at constant pressure and the
specific-heat ratio. Therefore, large errors in these functions would be expected in the
vicinity of the critical point.
The computer routines that were used to make all calculations are described and
presented in appendix C. These routines are written in the FORTRAN IV version
13 language for an IBM 7094II/7044 direct couple computer.
Natural-Gas Mixtures
The computer routines that apply to natural-gas mixtures are described and pre-
sented in appendix D. As in the case of methane, they are written in the FORTRAN IV
version 13 language for an IBM 7094II./7044 direct couple computer.
The accuracy of the natural-gas mass flow calculations is limited by the accuracy of
the state equation. Since the state equation is based on that used for methane, the
accuracy of the mass flow calculations is highest for these natural-gas mixtures that
have a high methane content. For natural-gas mixtures having methane mole fractions
of 0.9 or higher, the computational methods of this report are estimated to be more
accurate than those described in reference 8. For mixtures that have lower methane
mole fractions, it is difficult to say which method is the more accurate. One advantage
of the computational methods used in this report is that they allow for the inclusion of
C5H12 and C6H14.
CONCLUDING REMARKS
When the critical-flow factor tabulated in this report is used to calculate the mass
flow rate of methane through critical-flow nozzles, the greatest uncertainty in the calcu-
lation is probably the uncertainty in the knowledge of the discharge coefficient rather
than the uncertainty in the knowledge of the critical-flow factor. This is because of the
accuracy of the state equation used in calculating this critical-flow factor.
The computer routines used in this report are designed to be easily modified for
other gases.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 30, 1972,
764-74.
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APPENDIX A
A
al,... ,a24
b 0, ... ,b n
C*
CD
Cp
Cv
C0, • . . ,C 8
H
KH
K S
k
M
m
rh
P
Pc
Psat
Psat
R
S
T
T
e
SYMBOLS
2
area, in
coefficients for the state equation (eq. (B1))
coefficients for the ideal-gas specific-heat equation (eqs. (B6)
and (137))
critical-flow factor (eq. (22))
discharge coefficient
specific heat at constant pressure, J/(kg)(K)
speeifie heat at constant volume, J/(kg)(K)
coefficients in eq. (B17)
enthalpy, J/kg
integration constant (eq. (B10)), K
integration constant (eq. (139))
isentropie exponent (eq. (14))
Mach number
molecular weight
mass flow rate, kg/sec
pressure, N/m 2
pseudoeritieal pressure (eq. (B19)), N/m 2
minimum pressure at whieh condensation occurs at a given temper-
ature, N/m 2
adjusted value of Psat (eq. (B18))
gas constant (for methane, R = 518.26 J/(kg)(K); for natural-gas
mixtures, R - 8314.4 J/(kg)(K))
m
entropy, J/(kg) (K)
temperature, K
pseudocritical temperature (eq. (B5)), K
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Tsat
_
T'
sat
V
X
Z
ZI , • . . , ZVI
P
Oc
P'
_0
Subscripts:
i
ideal
J
perf
0
1
maximum temperature at which condensation occurs for a given
pressure, K
adjusted temperature (eq. (B3)), K
adjusted value of Tsa t (eq. (B3) applied to Tsat) , K
velocity, m/sec
mole fraction
compressibility factor
functions of compressibility factor (eqs. (1) to (6))
speed of sound, m/sec
specific-heat ratio
functions of ideal-gas specific heat (eqs. (7) and (8))
density, kg/m 3
pseudocritical density (eq. (B4)), kg/m 3
adjusted density (eq. (B2))
factor in eq. (B16)
1,2, 3,... ,n; index used in summation
ideal-gas condition
species
perfect-gas condition
plenum station
nozzle-exit station
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APPENDIX B
BASIC EQUATIONS
The calculations in this report use three basic relations. The first describes the
pressure-temperature-density behavior of the gas and is referred to as the state equa-
tion. The second describes the ideal-gas specific-heat variation with temperature, and
the third describes the saturated-vapor-pressure variation with temperature. This last
relation is used to determine whether or not the fluid is a gas. These relations are dis-
cussed in detail in this appendix for both methane and natural-gas mixtures.
State Equation for Methane
The state equation for methane is that developed by Vennix and Kobayashi in refer-
ence 7. That equation has been modified herein by dividing by pRT and has been fur-
ther modified by changing the density units from grams per cubic centimeter to kilo-
grams per cubic meter. This equation, which is computationally equivalent to that given
in reference 7, is
Z=I+
5
SaITi=l +a5+ il ip + T1 IiZal0+ipile(al6+alTP)/T=l
a18 p(p + a19)2[(p
T
+a19)3-a20] Ea2 1 - (P + a19)3]
a22+a23(P+a19 3] (T+a24)
xe (B1)
where
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a1 = -2.239832 a 9 = 5.8951021x10 -10 a17 = 1.3441846
a 2 = 1.3433125×10 -3 al0 = -5.7438228x10 -13 a18 = 1.0993467×10 -14
a 3 = 2.7591018×10 -5 all = -3.9776054 a19 = 113.318
a 4 = .1.6554698x10 -7 a12 = -1.5062252x10 -2 a20 = 1.6487332x107
a 5 = 2.3412456x10 -10 a13 = 4.3294074x10 -4 a21 = 1.0724364x108
a 6 = 4.9147357x10 -3 a14 = -1.8535561x10 -6 a22 = -0.046002
a 7 = 7.3766422x10 -6 a15 = 2.0528632x10 -9 a23 = _2.1177x10 -10
a 8 = -1.1458784x10 -7 a16 = -1378.7933 a24 = 147.71055
In the gaseous phase, the compressibility factors calculated by this equation are esti-
mated to be accurate to 0.1 percent for pressures to 410x105 N/m 2, and temperatures
from 130 to 625 K (ref. 7).
State Equation for Natural-Gas Mixtures
If the principle of corresponding states is assumed to be valid, equation (B1) can
also be used to calculate the compressibility factor of natural-gas mixtures. This is
done by substituting the following quantities, referred to as the adjusted density and
temperature, for the actual density and temperature in equation (B1):
162.5
p'- × p
Pc
(B2)
T'- 190.8
T c
xT (B3)
where Pc and T c are the pseudocritical density and temperature of' the natural-gas
mixture and are defined as follows:
Pc = _ XjPc
j=l
(B4)
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8
Tc = E X]Tc
j=l
(B5)
Natural gas is assumed to consist of paraffins containing one to six carbon atoms and
the dilutent gases N 2 and CO 2. Since there are two C4H10's , three C5H12's , and five
C6H14's , it is arbitrarily assumed that the various molecular configurations of the par-
affins containing the same number of carbon atoms are equally probable. The following
table gives the values of the critical density and critical temperature and, in addition,
includes the values of the critical pressure and molecular weight for these natural-gas
components. The values for C4H10 , C5H12 , and C6H14 are the average of the values
Component
CH 4
C2H 6
C3H 8
C4H10
C5H12
C6H 14
N 2
CO 2
Molecular
weight,
nl
16.043
30.070
44.097
58.124
72.151
86.178
28.013
44.010
Critical
pressm'e,
PC'
N,m 2
46.26×105
48.94
42.57
a37.22
a32.99
a31.49
33.98
73.68
Critical
temperature,
T
c _
K
190.8
305.6
370.0
a416.7
a454.6
a499.7
126.1
304.2
Critical
density,
Pc'
kg m 3
162.5
203.2
220.5
a224.4
a235.0
a236.7
311.0
468.0
aAverage of values given for various molecular configurations.
for the various molecular configurations. The CH 4 values are from reference 7. The
values for the other paraffins are from reference 9. The N 2 and CO 2 values are from
reference 10.
This method of calculating the compressibility factor is similar to that used by the
American Gas Association (AGA) in reference II. There are, however, two differences:
first, a different form of state equation is used; second, since the AGA state equation
gives Z as a function of pressure and temperature rather than of density and tempera-
ture, reference II uses adjusted pressures and temperatures rather than adjusted den-
sities and temperatures.
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At a temperature of 250K andat pressures to 100xl05 N/m 2, the compressibility
factors calculated by the methodsof this report were comparedwith thosecalculated
by the methods of reference 11. The differences were as muchas 1/2 percent for
methane, 1_ percent for a natural gas containing 90-percent methane, and 21 percent
for a natural gascontaining 84-percent methane. Under the sameconditions of pres-
sure and temperature, the compressibility factors calculated by the methodsof this
report were also comparedwith those calculated by the methodsof reference 8. In this
case, the differences were 1/4 percent for methane, 1/4 percent for the natural gas
containing 90-percent methane, and 1 percent for the natural gas containing 84-percent
methane.
Ideal-Gas Specific Heat for Methane
The ideal-gas specific heat for methane is taken from the data in reference 12 and
is represented by a temperature polynomial as follows:
8
Cv t ideal _ b0 bi (B6)
R
i=1
For 70 K --<T -< 259. 78828 K,
b 0 = 3.0159729
b 1 = -6.7124682x10 -2
b 2 = 0.1053479
b 3 = -5.9827343x10 -2
b 4 = 1.0207347x10 -3
For 259. 78828 K < T -< 600 K,
b 0 = 4.5834702
b 1 = -1.6311027
b 2 = 0.4503988
b 3 = 1.8825512x10 -2
b4 = -1.7244897×10 -2
b 5 = 7.7524692xi0 -3
b 6 = -4.6776567xi0 -4
b 7 = -2.240781x10 -4
b 8 = 2.5771104xi0 -6
b 5 = 1.7546467xi0 -3
b 6 = 1.2048213xi0 -4
b 7 = ,3.6924768xi0 -5
b 8 = 2.1771302xi0 -6
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Ideal-Gas Specific Heat for Natural-Gas Mixtures
The ideal-gas specific heat for natural-gas mixtures is represented by the follow-
ing equation:
7
Cv, ideal _ b0 + bi
R
i=1
(BT)
where
8
b i = _ Xjbi, j
j=l
(B8)
The values of b.. are presented in the following table for the natural-gas components:
t,j
Coefficient Natural-gas component
CH 4 C2H 6 C3H 8 C4H10 C5H12 C6H14 N 2 CO 2
b 0
b 1
b2
b 3
b 4
b 5
b 6
b 7
2.79983
.4285
-27518
2.58217x10 -2
2.41658x10 -2
_2.51637×10 -3
-8.24658×10 -4
1.15233x10 -4
-9,85338
19.6577
-10.1866
1.82674
.246368
-.120205
1.08075x10 -2
0
-16.7968
29.0846
-13.8109
2.21983
.365514
-.15326
1.29667x10 -2
0
-1.81229
5.6641
-.907714
.143523
3.46448×10 -2
-1.7196x10 -2
1.76606x10 -3
0
-3,3598
7.41963
-.726671
4.55318x10 -2
0
0
0
0
-0.537922
5.65394
.360786
-.168431
1.54752xi0 -2
0
0
0
2.50115
-9.72058×10 -3
1.03606×10 -2
[-4.43726×10 -3
6.8256x10 -4
0
0
0
2.50447
-.508557
.48403
-3.73057×10 -2
-2.52264xi0 -2
6.14015x10 -3
-4.11664×10 -4
0
These values were obtained by a least-squares fit of tabulated data. These fits are
valid over a temperature range of 200 to 400 K. The CH 4 data are from reference 12,
the data for the other paraffins are from reference 9. The N 2 data are from refer-
ence 13, and the CO 2 data are from reference 14.
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Ideal-Gas Specific-Heat Functions
In terms of the coefficients in equations (B6) and (BT), equations (7) and (8) become
n
¥ -bo,n + +Ks
i=l
(B9)
}II(T) =/ CV'Rideal dT
i00 I T
= _ + K H (BIO)
i+1
i=
where n equals 8 for methane and 7 for natural-gas mixtures. In terms of _I and
}II' the ideal-gas entropy and enthalpy are given by
SidealR= _I(T) - In(_T) (Bll)
Hideal
R
- _II(T)+ T (B 12)
The terms K S and K H in equations (B9) and (BI0) are constants of integration
for the indefinitetemperature integrals in these equations. For the case of methane,
K S is chosen so that the ideal-gas entropy equals zero at a temperature of 0 K and a
pressure of 1×105 N/m 2, and K H is chosen such that the ideal-gas enthalpy equals
zero at a temperature of 0 K. The values of K H and K S are
For 70 K -< T -< 259. 78828 K,
K S = 18.667924
K H = -2.1763239
For 259. 78828 K < T -< 600 K,
17
K S = 19. 908975
K H = -110.43728
For the components of natural-gas mixtures, K S is chosen such that the ideal-gas
entropy equals zero at a temperature of 200 K and a pressure of lxl05 N/m 2, and K H
is chosen such that the ideal-gas enthalpy equals zero at a temperature of 200 K. These
values of K S and K H for the components of natural-gas mixtures are given in the fol-
lowing table.
Component
CH 4
C2H 6
C3H 8
C4H10
C5H12
C6H14
N 2
CO 2
Integration constant
K S
-2.4259223
-16.722706
-24.468514
-7.4352313
-9.7108697
-9.6240575
-1.2043084
-.54815092
K H
-794.25505
-224.35315
43.25468
-792.77257
-836.39894
-1261.944
-699.70984
-702.9866
The values of K S and K H for natural-gas mixtures are given by
8
KH=E XjKH,j
j=l
K S = In m +
8
E Xj(Ks,j - In mj)
j=l
where m is the molecular weight of the natural-gas mixture and is given by
m = E Xjmj
j=l
(B13)
(BI4)
(m5)
18
Saturated Vapor Pressure for Methane
The relation that gives the saturated vapor pressure for methane as a function of
temperature is given in reference 15 and is
l°gl0 Psat = 8.30516
296.1 8000
Tsa t T 2
sat
(B16)
where
=0 for Tsa t _ 118.83
and
= for Tsa t18.83
> 118.83
In addition to equation (B16), the calculations also require a direct representation of
temperature in terms of pressure; that is,
8
Tsat = c0 + Z ci(ln Psat) i
i=l
(B17)
where
c o = 53.88758 c 5 = 1.2470553x10 -4
c 1 = 1.8253577 c 6 = 9.4808617x10 "6
c 2 = 0.18723912 c 7 = -1.280319x10 -6
c 3 = 1.570661x10 -5 c 8 = 4.5446557x10 -8
c 4 = -8.7451662x10 -4
Saturated Vapor Pressure for Natural-Gas Mixtures
Equation (B16) can be used to estimate Psat and equation (B17) can be used to
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estimate Tsat if an adjusted value of the saturated pressure is substituted for Psat
and an adjusted value of the saturated temperature is substituted for Tsat in equations
(B16) and (B17). These values are as follows:
46.26xi05
Psat - × Psat (B18)
Pc
and, when equation (B3) is rewritten to apply to saturated temperatures,
190.8T' × (B3)
sat - T Tsat
C
where T c is given by equation (B5) and
fined as follows:
Pc is the pseudocritical pressure and is de-
8
Pc = E XjPc,j
j=l
(B19)
The values of the critical pressures for the natural-gas components are tabulated on
page 14.
2O
APPENDIX C
DESCRIPTION AND CARD LISTING OF COMPUTER
ROUTINESTHAT APPLY TO METHANE
o'
This set of computer routines is referenced in the main program by the following
statement:
CA LL RGA S (KK, PA, TA, A M, PB, TB, FLOW, KODE)
For a valid computation, three conditions have to be satisfied:
(1) 69K-< T-< 601K.
(2) 0.1 N/m 2 -< p -< 401x10 5 N/m 2.
(3) The pressure of methane has to be less than a constant times its saturation
pressure. Unless specified otherwise, this constant will have a value of unity.
Some of the variables in this program are entered or returned through labeled com-
mon. Therefore, the following common statements should be in the main program:
COMMON/LDA TA/XKV, R, XMW, RC, D2, G
COMMON/LIMIT/EDA, EDB, ETP, ETM
COMMON OUTPUT OUT(9), CONV(4), ZA (6), ZB(6), KODI (5)
The following symbols apply to these routines:
KK
PA
TA
AM
PB
TB
FLOW
Controls entry to and exit from RGAS. If KK=0, just the plenum
properties are calculated. If KK=2, both the plenum and nozzle-
exit properties are calculated. If K'K=I, just the nozzle-exit prop-
erties are calculated. For a given set of plenum conditions, at
least one reference to RGAS has to be made for KK=0 or KK=2 be-
fore a reference can be made for KK=I.
Plenum pressure, P0' N/m2
Plenum temperature, TO, K
Nozzle-exit Mach number, M 1
Nozzle-exit pressure, Pl, N/m2
Nozzle-exit temperature, T1, K
Nozzle-exit mass flow rate per unit area, PlVl , kg/(m2)(sec)
21
KODE
XKV
R
XMW
EDA
EDB
ETP
ETM
OUT(1)
Indicates the independent variables to RGAS. If KODE=I, these
variables are PA, TA, and PB. If KODE=2, these variables are
PA, TA, and AM. If KODE=3, these variables are PA, TA, and
TB.
Constant referred to in condition 3. Unless specified otherwise,
the value of XKV is 1.
Gas constant, J/(kg) (K)
Molecular weight
Maximum value of 1
P0
Z0P0RT 0
1×10 -6"
permitted.
specified, EDA equals
Maximum value of I(S1 - S0)/R I permitted.
specified, EDB equals 1×10 -6.
Unless otherwise
Unless otherwise
Applies when the nozzle exit independent variable is pressure. It
is the maximum value of 1 permitted. Unless other-
Z 1 olRT 1
wise specified, ETP equals lxl0 -6
Applies when the nozzle exit independent variable is Mach number.
I - Vl/C_l permitted. Unless other-It is the maximum value of 1 _
wise specified, ETM equals 1×10 -4.
Actual mass flow rate PlVl divided by the perfect-gas mass flow
( ) whererate PlVl perf'
PlVl)perf
for M 1 _ 1 (c1)
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and
= 0.6732 P___0__0 for M 1 = 1 (C2)
(PlVl)perf R_
OUT(2) Nozzle-exit specific heat, Cp, 1/R
OUT(3) Nozzle-exit specific-heat ratio, V l
OUT(4) Nozzle-exit isentropic exponent, k 1
OUT(5) Plenum enthalpy, H0/R , K
OUT(6) Plenum entropy, S0/R
OUT(7) Plenum specific heat, Cp,0/R
OUT(8) Plenum specific-heat ratio, _0
OUT(9) Plenum isentropic exponent, k 0
CONV(1) Degree to which the nozzle-exit entropy equals the plenum entropy.
CONY(l) = (S 1 - S0)/R.
CONV(2) For KODE=I, CONV(2) = ZlPlRT 1.
For KODE=2, CONV(2) = Vl/a 1.
For KODE=3, CONV(2) = 0.
CONV(3) Degree to which the calculated plenum pressure equals the pre-
scribed plenum pressure. CONV(3) = 1 - (p0/Z0P0RT0).
CONV(4) CONV(4) = Z0P0RT0
ZA(1),..., ZA(6) Zi(Po, W0) to ZvI(P0, T 0)
ZB(1),...,ZB(6) ZI(Pl,T 1) to ZvI(Pl,T1)
The following symbols represent integers to indicate various error conditions. If
all the integers equal zero, a valid calculation has been performed. If the integers are
not zero, errors exist. These errors are described for each symbol as follows:
KODI(1)
KOD 1(2)
If KODE=I, this quantity equals 1 if the calculated nozzle-exit pressure fails
to converge to Pl" If KODE=2, this quantity equals 1 if the calculated
nozzle-exit Mach number fails to converge to M 1 .
Equals 1 if the iteration procedure for the calculation of the nozzle-exit den-
sity fails to converge.
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KOD1(3)
KODI(4)
KODI(5)
Equals 1 if the nozzle-exit conditions are out of range ineither pressure of
temperature. A value of 1 terminates the calculation.
Equals 1 if the iteration procedure for the calculation of the plenum density
fails to converge.
Equals 1 if the plenum conditions are out of range in either pressure or
temperature. A value of 1 terminates the calculation.
The computer routines that apply to methane are described briefly in the following
paragraphs. In order to calculate the thermodynamic properties of methane, all these
routines have to be included in the program. The routines are identified by their deck
names.
Deck RGASCI
In this subroutine, the iteration procedures necessary to calculate the isentropic
mass flow rate of a nonperfect gas through a nozzle are given. These procedures are
general and apply to any gas whose compressibility factor is given as a function of den-
sity and temperature. In addition to the mass flow rateper unit area, the output of this
subroutine includes such quantities as entropy, enthalpy, specific heat, and compressi-
bility factor. Except for minor changes, this routine very closely resembles RGASC in
reference 8.
Deck RDATA
This is a block data subprogram that supplies constants that have to do with the con-
vergence criteria for the iteration procedures in RGASC1.
Deck MEZETA and Deck MEPOLY
The compressibility factor functions Z I to ZVI , as defined by equations (1) to (6),
are calculated in these two subroutines. MEPOLY is only called by MEZETA.
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Deck METEMP
The nondimensional ideal-gas specific heat Cv,ideal/R and the related functions
_I and _II as given by equations (B6), (B9), and (B10) are calculated in this routine.
Deck MELOG
This is a logical function that tests whether the pressure and temperature lie within
the range of both the state equation and the ideal-gas specific-heat equation. In addi-
tion, this routine also tests whether or not methane is in the gaseous state.
Deck METLG
This subroutine, if necessary, will change the temperature such that it is above the
condensation temperature of methane.
Deck MEDATA
This is a block data subprogram that supplies constants for the other routines.
Exclusive of the library routines, these routines require 2630 storage locations.
The execution time for a typical case on an IBM 7094II/7044 direct couple computer is
of the order of 0.1 second.
The card listing of these routines follows.
$IBFTC RGJSCI
C
C THE THERMODYNAMIC PROPERTIES OF A NON-PERFECT GAS ARE CALCULATED IN
C THIS SLBROUTINE.
C
SUBROUTINE RGAS (KKtPAAtTAA_AMMtPBBtTBBtFLOWtKO|
COMMON /OUTPUT/ OUT(g)tCONV(4},ZAIbItZBIb)tKODI(SI
COMMON /LDATA/ XKVtR_XMW_RC_D2_G
COMMON /LIMIT/ EDA_EDB,ETP,ETM
COUELE PRECISION CP_CS,CH,CHA,CSA,CSB,CAB,LRHCA,LRHOB,DZA,DZB
LOGICAL LGFN
DATA KG/O/
IF (KG.EQ.I) GO TO I
GAMC=G-I.O
GAMA=GAMD/G
GAME=GAMD/2oO
GAMC=2.O/G
GAMFzG/GAMD
GAME=2,O*GAMF
KG=I
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12
3
5
6
7
8
g
tO
C
C
II
12
13
14
15
16
17
PA=PAA
TA=TAA
KKKzKK
KODEzKO
PR=C .G
AM=C .G
TB=C.O
FLOk=C.O
C9N_(1)=0.0
CON_(2)=O.O
GO 10 (2,3t4ItKODE
PR=FBB
C9 10 5
AM=JVM
GO 10 S
TB=lffB
CO E N=It3
OUT{N}=0.O
ZBI_)=I.O
KODI(N)=O
CUT{4)=O.O
DO 7 N=4t6
ZB(_)=O.O
[F (KKK.EQ.1) GO TO i8
CON_(3)=O.O
CON_(_}=O.O
CO E N=5_9
DUTIN)=O.O
KOD](4)=O
DO 5 N=I_3
ZAE_)=I.0
C0 I0 N=4,6
ZA(_)=O.O
[F {LGFN(PA_TAtKODL{S)tZA)) GO TO 44
THE ITERATION PROCESS FOR CALCULATING THE PLENUM
A=P_/(R*TA}
RHOJ=A
KN=C
CO 14 MM=It50
CALL ZETA {ltRHOAtTAtZAI
IF (ZA(3).LE.O.O) GO TO 15
CON_(3)=L.O-|PA/RHOA)/(ZA(1)*R*TA)
IF (ABS(CONV(3)).LT.EDA) GO TO }7
AAA=(ZA(I)-A/RHOA)/ZA(3}
IF (}.C-AAA) 13_[3tI4
_AA=_AA/2.0
G9 10 }2
RHOA=RHOA_([.O-AAA)
IF (KN.EQ.1) GO TO 16
RHO_=C2*A
KN=I
GO 10 I}
KODI(4)=I
CALL ZETA (3_RHDA_TAtZA)
[F (LGFN(PAtTAtKODL(5)tZA)} GO TO 44
THE PLENUM THERMODYNAMIC FUNCTIONS ARE CALCULATED
STATEMENTS.
DENS [TY
BY THE
FOLLOWS.
FOLLOWING
26
18
C
C
C
C
19
C
C
C
C
20
C
21
22
23
24
25
C
C
C
C
26
27
28
29
CV=CP(TA)-ZA(6)
GA=ZAI3)+ZA(2I_2/CV
OUT(8)=GA/ZA(3)
OUT(g)=GA/ZA(I}
OUT(7)=CV_OUT{8)
CHA=CH(TA)÷OBLE(TA_(ZA(1)-ZA(5))}
OUT(5)=CHA
CSA=CS(TA}
LRHCA=DLOG(DBLE(RHOA))
CZA=CBLEIZA(4II
OUT(6)=CSA-LRHOA-OZA
CON_(4)=ZAIII_TA_R*RHOA
IF (KKK.EQ.O} GO TO 44
GO 10 (Ig,20,2L),KODE
THE INITIAL ESTIMATE OF THE NOZZLE EXIT TEMPERATURE WHEN THE NOZZLE
EXIT PRESSURE IS GIVEN IS MADE BY THE FOLLOWING STATEMENTS.
TB=TA_(PB/PA)_*GAMA
GO TO 22
THE INITIAL ESTIMATE OF THE NOZZLE EXIT TEMPERATURE WHEN THE NOZZLE
EXIT M_CH NUMBER IS GIVEN IS MADE BY THE FOLLOWING STATEMENTS.
TRAI=I.O+GAMB*AM**2
PB=FA/TRAT*_GAMF
TB=IA/TRAT
GO 10 22
PB=PA*(TBITA)_*GAMF
GO 10 23
CALL TLOGIC (PB,TB)
IF (TB.LT.TA.AND.PB.LT.PA) GO TO 24
KODI|3I=I
GO 10 44
TBI=TB
NN=]
KODI(2)=O
IF (NN.EQ.I) GO TO 26
IF (LGFN(PB_TB_KODI(3),ZB)) GO TO 44
THE ITERATION PROCESS FOR CALCULATING THE NOZZLE EXIT DENSITY
FOLLOWS.
CSB=CS(TB)
CAB=CSB-CSA÷LRNOA÷DZA
LRHCB=LRHOA+CSB-CSA
DO _7 M=I,50
RHOe=OEXP(LRHOB)
CALL ZETA (2tRHOBeTBtZBI
CZB=CBLE(ZB(4))
CDN_(I)=CAB-DZB-LRHOB
IF (ABS(CONV(I)).LT.EDB) GO TO 28
LRHCB=LRHDB÷CONV(1)/ZB(2)
KODI(2)=I
IF (RHOA-RHOB) 29t29t30
KODII3)=I
GO 10 44
27
3O
C
C
C
C
C
31
32
33
C
34
35
36
37
C
38
CALL ZETA (3tRHOBtTBtZB)
THE THERMODYNAMIC FUNCTIONS AT IHE NOZZLE EXIT CONDITIONS ARE
CALCULATED BY THE FOLLOWING STATEMENTS.
VV=2.ODO*(CHA-CH(TB)-DBLE(TB=(ZB(II-ZB(5)})|
CV=CP(TB)-ZB{6)
GA=ZB(3)+ZB(2I_2/CV
OUT(4)=GA/ZB(I)
GD 10 (31,35t39)_KOOE
AM=ASQRT(VV/(ZB(1)*OUT(4I=TBI)
IF (NN.NE.I) BI=CONV(2)
CON_(2)=RHOB=ZB(1)=R=TB
PERR=PB/CONV(2I-I°O
IF {ABS(PERR).LI.ETP) GO TO 40
IF (kNoGT.20) GO TO 34
NN=_N÷I
THE SUCCEEDING ESTIMATES OF THE NOZZLE EXIT TEMPERATURE ARE _ADE
BY THE FOLLOWING STATEMENTS FOR THE CASE OF A GIVEN NOZZLE EXIT
PRESSURE.
IF (hN-2) 33,32_33
TB=TB*(I.O+GAMA_PERR)
IF (TB.GE°TA) TB=O.999=TA
TB2=TB
GO I0 25
TB=IB÷(TB2-TBI)*{PB-CONV{Z))/(CONV(2)-BI)
TBI=TB2
TB2=TB
GO 10 25
KODI(1)=I
GO 10 40
PB=ZB(IItTBSR=RHOB
IF (_N.NE.I) RI=CONV(2)
CDN_I2)=ASQRT(VV/(ZB(I)*TB*OUT(4)))
IF (ABS{I.O-CONVI2)/AM)°LT.ETM) GO TO 40
IF (kN.GT.20) GO TO 38
NN=_N÷I
THE SUCCEEDING ESTIMATES OF THE NOZZLE EXIT TEMPERATURE ARE MADE
BY THE FOLLOWING STATEMENTS FOR THE CASE OF A GIVEN NOZZLE EXIT
MACH NLMBER.
IF (_N-2) 37,36_37
TB=IB*(I.O-GAMD=TB=AM*(AM-CONV(2))/TA)
IF (TB.GE.TA) TB=O.g99*TA
TB2=TB
GO 10 25
TB=IB÷(TB2-TBI)*(AM-CONV(2))/(CONV(2)-BI)
TBI=TB2
TB2=TB
GO I0 25
KOOI(1)=I
GO 10 40
28
39
4O
C
C
C
C
41
42
43
C
44
AM=JSQRT(VV/(ZBIX)*OUT|4)*TB))
PB=ZB(1)*R*RHOB*TB
CON_|2)=O.O
IF (LGFN(PBtTB,KODI(3),ZB)) GO
IF (VV.GT.O.O) GO TO 41
KOD]|3)=I
GO 10 44
TO 44
THE ISENTROPIC FLOW PROPERTIES ARE CALCULATED BY THE FOLLOWING
STATEMENTS.
FLOk=PB_SQRT(VV/RI/(ZB(|)_TB)
OUT(3I=GA/ZB(3)
OUTI2)=CV_OUT{3)
TBF=(PB/PA)_GAMA
IF ((AM°EQ.[.OI°ANDo(KODE.EQ.2|) GO TO 42
FLOWI=PA_SQRT(GAME_(PB/PAI=_GAMC=(X.O-TBF)/IR_TAI)
GO 10 43
FLOkI=PA=SQRT[RC/TA)
OUT[I)=FLOW/FLOWI
AMM=AM
PBB=PB
TBB=TB
RETLRN
END
$IBFTC RDATA
BLOCK DATA
COP_ON /LIMIT/ E(4I
DATa EI3_l.0E-6,1.0E-41
END
$IBFTC MEZETA
SUBROUTINE ZETA IKK,PP,TT,Z)
COPPON /VALUE/ F(4,4)tG(6,4)
DIMENSION Z(6]
DOUBLE PRECISION FtG,BX,B2tB3wB4tBS,AIIA2,A3,A4tAS,E£,E2,PA,TA,THI
I_TH2,TH3,TH4,DItDZtD3tD4,DS,FIpF2,UAtP,T,PltP2,U,TI,RC,EXPCtRBgEXP
2BtZBItZCItABItAB2tAB3,AB4,ABS,ZAtZBtZC,RBItEXPBI,StSStPSII,PSI2,PS
313,PSI4,RCI,EXPCItPSIS,PSI6tPSITtPSI8
DATa BttB2tB3tB4,BFtA£tA2,A3,A4tAStEItE2tPA/4.gI473574991686D-O3t7
£.37E64223478550D-Ob,-X.I4587843032923D-O7,5.895XO2095IXI41D-[O,-5°
2743EE28X3k3532D-13t-2.23983199201862OOOtX.3433£253741270D-O3f2.759
310182906551D-OSt-Io6554697?O53542D-OT,2.34£24562687064D-X_,-4.6002
4000CO00000D-O2t-2._770000000000D-XO,_.13318000000000D02/
DATa TA,THI_TH2,TH_,TH4_DI_D2_D_,D4_DS_F1,F2,UA/£°477IOSSOOOOOOODO
12, loOgg34666473654D-14tl.6487332[Z84064OOT,loO72436397624qIO08,3°6
2644E8882455X4D-|5,-3.97760537104600OOO,-l. SO62251608_O86D-O2,4.32g
340740732648D-O4,-l°853S5607372189D-O6,2oO5286_15303314D-Og,-Xo3787
4933COCO000DO_t£°)44X8460000000DOO,I.455XX293919343D06/
K=KK
P=PP
T=T1
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PI=PePA
P2=PI*Pl
U=P2*PI
TI=I+TA
RC=[FI+F2*P)/T
EXPC=OEXP(RC)
RB=(EI÷E2*U)
EXPE=OEXPIRB*T1)
ZBL=(THI_P_P2_(U-TH2)_(TH3-UI=EXPB)/T
ZCI=(DI+(D2+(D3+ID4+DS=P)_P)=P)_PI_P=EXPCIT
IF (K.EQ.2) GO TO I
ABI=BI+AI/T
AB2=B2+A2/T
AB3fB3+A3/T
AB4=B6+A4/T
ABS=B5+A5/T
ZA=].O+(ABI+IAB2+(AB3÷(AB4+AB5=P|=PI_P|_P)_P
Z[I)=ZA+ZBI÷ZCI
IF (K°EQ.O) RETURN
ZA=I°O+(2.O_ABI+I3.O_AB2÷(4.O_AB3÷(5.0_AR4÷6.0*AB5_P)_P)_P)*P) =p
ZB=ZBI_I2.0_(I°O+P/PI)+3.0=P_P2*(E2tTI÷I°O/(U-TH3)+I°O/(U-TH2)))
ZC=(F2=P=ZCI+EXPC=(2°O=DI+(3.0_O2+(4°O=D3+(5°OtD4÷6.O=D5=P]tP)_P)t
IP)=P}/T
Z(3I=ZA÷ZB+ZC
IF (K.EQ.II RETURN
RBI=EI÷E2_UA
EXPEI=DEXP(RBI*TI)
ZA=].O+(BI÷IB2+(B3÷(B4÷BS_P)_P)_P)_P)_P
ZB=RB*T_ZBI
ZC=-RC*ZCI
Z ! 2)=ZA+ZB+ZC
S=E2*TI
SS=F2/T
CALL POLY (I,I,U_T,S)
CALL POLY (It2,PtT,SS)
ZA=(BI+IB212.O+(B313.0+(B414.O+B5_PI5.0)_P)_P)*PI_P
PSII=F(ItL)-F(2,1)+F(3,1)-F(4tl)
PSI2=F(I,2)-F(2t2)+F(3,2)-F(4,2)
ZR=IH4_(PSII_EXPB-PSI2_EXPB))
PSI3=GII,I)-G(Z,I)+G(3,L)-G_4,1)+G(5,1)-GI6,1)
PSI_=G(I,2)-G(2t2)÷G(3,2)-G(4,2)+G(5,2)-G(6,2)
RCI=FI/T
EXPCI=DEXP(RCL)
ZC=(PSI4=EXPCI-PSI3=EXPC)/T_2
Z(4I=ZA÷ZB÷ZC
IF (K.EO.2I RETURN
CALL POLY (2,1tU,T,S)
CALL POLY (2t2,P_T,SS)
PSI_=FIlt3I-FI2,3)+Fi3,3)-F(4,3)
PSI_=F(1,4)-F(2,4I+Fi3,41-F(4t4)
PSIT=G(I,3)-GI2,3)÷G(3,3)-G(4,3)÷G(S_3)-G(6,3)
PSIe=G(}_4)-G(2,4)+G(3,4)-G(4,4)+G(S,4)-G(6,4)
ZA=-iAI+(A212.0+(A313.O+(A4/4°O+AS_P/S°O)_P)*P)*PI_P/T
ZR=TH4*(PSI5*EXPB-PSI6*EXPBI)
ZC=IPSI8*EXPCI-PSI7*EXPC)/T**2
Z{5)=ZA+ZB+ZC
ZB=TH4*T*(EXPB_(RB*PSII-(F(I,I)-2.0*F(2,1)+3.0*F(3,1)-4.0*F(4'I))I
ITII-EXPBI=IRBI=PSI2-(F(I,2)-2°O=F(2,2I+3-O=F(_,P)-4.0*F(4,2))/TI])
ZC=(EXPC_((2.0+RC)=PSI3-G(I,I)+2.O=GI2,1)-3-0_G(3,1)÷4.0*_(4, I)-5°
30
L_G(_,I)+6.0*GI6,X))-EXPCX_((2.0÷RCX)*PSI4-G|I,21+2.0*G(2,2)-3.0*G{
23t2)+4°O_G(4,2)-S.O_G(S,2)÷6°O_G(6,2})I/T_2
Z I 6 I=ZB÷ZC
REILRN
END
I
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$1BFTC MEFOLY
SUBROUTINE POLY (JeK,PP,TTeCC)
COMMON /VALUE/ F(4,4),G(6,4)
OIMENSION A(7,2), B(16,2)
OOU_LE PRECISION PPtTT,CC,F,G,A,B,AA,AB,UA,DI,
X2,C3,C4tCSwC6tVl,V2,V3
DAT_ B/5.48429563564224DO3,1.S42£ogs7ISS370DOI
lOI,3.13762297202746D-O3,-S.32199549075239D-06,
2,-I-23436447854431DOO,g°41286891608238D-O3,1°B
3.12879819630095D-05,-6°386394588902860-05,-l.2
437971351810729D-OB,5.SIB854072429170-08,1.6556
5312443457500-07,5_O,ODOO,2,75942703621458D-O9,
6107290-O8,5°SI8854072429170-OQ,I,65565622172Q7
7500-07/
02,D3,D4,DS,P,T,CL,C
,-6.1718223g272157D-
2.75942703621458D-OQ
8257378321648D-02,-2
77278g17780570-04,1.
5622172875D-07,3.311
&_O°ODOO,l°379713518
50-07,3.311_12443457
OAT_ A,AA,AB,UA,DI,D2,D3,D4,D5,V1,V2,V3/8.13389656644895DI3,-5.31T
1428_0649802DO6,1.97994920826647D-O2,2.11770000000000D-IO,_.g598984
216532930-O2,6.35310000000000D-LO,I.270620000000DOD-Og,3_O°ODO0,2.1
3177CCO0000000D-IO,O.ODOO,6.35310000000000D-IO,I.270620000nOOOOD-O9
4,1.]6816150742336DI5,1.23730971890897DO8,1.45511293gLg343_O6,-3.g7
5760_37104600DOO,-l.5062251608IO86D-O2,4.3294074')732648D-04,-l.8535
65607372189D-O6,2°O5286315303314D-Og,7.36440814840596DI3,-_.2584624
7363C271DO6,4.14478797681273D-02/
P=PP
T:TI
CI:CC
C2=CI_CI
C3:CI*C2
C4=CI*C3
GO 10 [I,7),K
GO 10 (2,3l,J
N=I
GO _0 4
A(I,2)=A[I,I)+AA/T
A(2,2)=A(2,1)-AB/T
A[3,2)=A[3,1)+L.O/T
A(St2)=2°O_A(3,2)
N=2
C0 E I=I,2
M=2*N-2+I
IF {M.EQ°2) GO TO 6
F(I,M)={A(I,N}+(A(2,N)+[A(3,N)+A[4,N)_P)_p}_P)/CI
F(2,M)=(A(2,N|+[A(StN}+A(6,N)_P)*P)/C2
F(3,M)=(A(5,N)÷A|T,N)_P)/C3
F(4,M)=A(7,N)/C4
P:U_
RETLRN
F[1,2)=VL/C1
F(2,2)=V2/C2
F(3,2)=V3/C3
31
10
FI4p2)=F(4_I)
RETLRN
C5=C4"C1
C6=C5*CX
GD 10 |8,g),J
N=I
GO 10 I0
BiI,Z)=B(I,I)+T*DI
B[2,2)=B(2,X)÷T*D2
B(3,2)=B(3tI)÷T*D3
BI4t2)=BI4,1I÷T*D4
B(5_2)=BI5tl)÷T*D5
BlTt2)=B(3t2)*2.0
B18,2)=B(4t2)*3.0
_Igt2)=B(8_2)*2.0
B(XCt2)=B(5_2)*4.0
B(XI_2)=BIXO_2)*3.0
B(I_,2)=BIIZ,2)*2.0
N=2
M=2*N-I
GiltM)=(B|I_N)÷IB(2tN)+(BI3_N)÷iB(4tN)÷IB(5,N)+B(6,N)*P)*P)*P)*P)*
LPIlCI
G(2,M)=IB(2,Ni÷(B(TtN)+(B(StN)+|BIIO,N)÷B(13,N)*P)*P)*PI*D)/C2
G|3,MI=(B(7,N)÷(B(gtN)+|B(II,N)+B(I4,N)*P)*P)_P)/C3
G(4,M)=(B(Q,N)+(B(12,N|+B(15,N)*PI*P)/C4
G(S,M)=[B(I2,NI÷B(I6,N)*P)/C5
G(6tMI=B|I6_N|/C6
M=M41
G(X,M)=B(I,N)/CI
G|2,M)=B(2,N)/C2
G(3,MI=B(?tNI/C3
G(4tMI=B|gtN)/C4
G(5,M)=B(I2,N)/C5
GI6tM)=BIL6tN)/C6
RETLRN
END
$[BFTC MEIEMP
OOUeLE PREC[SION FUNCTION CPIT)
COUeLE PRECISION SI(2),HI(2),S
DIMENSION A(gt3t2)
_ATA A/2oSTT1LOQE-6t-2.240781E-4t-4o6776567E-4_T.7524692E-3_lo0207
1347E-3t-5.g827343E-2t.lO5347gt-6.T124682E-2t3oOX5972g,3o2_138BE-7_
2-3.2011157E-St-7oT960945E-5,Io5504938E-3,2o5518368E-4v-XoQQ4244BE-
32,5o267395E-2,-6°TI24682E-2t3oOI59729,2.863k_6E-T,-2.BOOg?62E-5,-6
4.6823667E-5,1.292DT82E-3,2.0414694E-4_-I.4956836E-2t3.SLISg6TE-2t-
53.3562341E-2t3.0159729,2.1771302E-6,-3o6924768E-5,I.204B213E-4,L.7
6546_67E-3,-I.T264897E-2,1.BB25512E-2,.4503988,-I°63LI027,4.5834702
7t2.1214128E-Tt-5.274966gE-6,2°OOBO355E-5,3.5092934E-4,-4.3112242E-
83,6.2751707E-3,.225Lgg4,-I.6311027,4.5834702,2.4IgO336E-7,-4.6155g
96E-_tI.7211733E-St2.g244IL2E-4t-3.448gTg4E-3,4.TO6378E-3,.LSOI3293
$,-._L555135,4.5834702/
DAT_ SI,HI/18.66792402732497tlg.gOBg74878gOgO6,-2.176323gn5587196,
L-IIC.4372755L87238/
K=I
32
! N=I
IF(I.GE.25q.TB828)N=2
S=TII.0D2
CP=AII_KtN)
OD 2 J=2t8
2 CP=CP_S+AIJ,KtN)
GO I0 (3t4tS)_K
3 CP=CPeS+A{gtI,N)
RETLRN
ENTRY CS(T)
K=2
GO 10 1
4 CP=CP_S+A(9,2,N)_OLOG(S)+SIIN)
RETLRN
E_TRY CHIT)
K=3
GO TO I
5 CP=T_ICP_S÷AIg,3_N))+HI(N)
RETLRN
END
$1BFTC MEIOG
LOGICAL FUNCTION LGFN(P,T,J,Z)
COMMON /LDATA/ XKV,R,XMW,RC,D2,G
DIMENSION Z(6)
S=TIIO0.O
J=l
LGFK=.TRUE.
IF (P.GT.k. OIET.OR.P.LT.O.I.OR.S.LT.O.69.0R.S.GT.6.0[.OR.Z(1).LE.O
I.O.CR.ZI2).LE.O.O.OR.Z(3).LE.O.O) RETURN
IF (S.GT.I.9077) GO TO l
PLOC=8.30516+(-2.961-0.8/S)/S
IF (S.GE.I.1883) PLOG=PLOG+0.257_(S/I.1883-1.O)_I.32
IF (P.GT.XKV_EXP(2.BO25851_PLOG)) RETURN
i J=O
LGF_=.FALSE.
RETLRN
END
$1BFTC METLG
SUBROUTINE TLOGIC (P,T)
DATa AI,A2,A3,A4,AS,A6_AT,A8,A9/53.B8758,1.8253577,0.18723912,1.57
lO6&)E-5,-8.7451662E-4tl.2470553E-k_9.4808617E-6,-1.280319E-6t4.544
26557E-8/
IF (T.GT.XgO.77) RETURN
V=ALOG(P)
S=A]+(A2+(A3+IA4+(AS+(A6+(A7+IA8+Ag=V)_V)_V)_V)_V)=V)=V)=V
IF (T.LT.S) T=S
IF (T.LT.69.O) T=69.0
RETLRN
END
33
$IBFTC MECATA
BLOCK DATA
COPPON ILDATA/ R|6)
DATJ R/IoOt5LB.2562,16.04303,8.T4513gE-4,5.6,L.3333333/
END
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APPENDIX D
DESCRIPTION AND CARD LISTING OF COMPUTER
ROUTINESTHAT APPLY TO NATURAL GAS
Since natural gas is a mixture of many gases, the first reference in the main pro-
gram is to the subroutine that calculates a set of composition-dependent constants for
use inthe other routines. For a given composition, this has to be referenced only once
in a given run. The following statement references this routine:
CALL BDATA (X)
The subroutine used to calculate the thermodynamic properties of natural gas is refer-
enced by the following statement:
CALL RGAS(KK, PA, TA, AM, PB, TB, FLOW, KODE)
For
tion
mort.
a successful computation, three conditions have to be satisfied:
(1) 190K-<T_< 410K.
(2) 0.1 N/m 2 -< p _< 110×105 N/m 2.
(3) The pressure of the natural gas has to be less than a constant times the satura-
pressure. Unless otherwise specified, the value of this constant will be unity.
Some of the variables in this program are entered or returned through labeled corn-
Therefore, the following common statements should be in the main program:
COMMON/LDA TA/XKV, R, XMW, RC, D2, G
COMMON/LIMIT/EDA, EDB, ETP, ETM
COMMON/OUTPUT/OUT(9), CONV(4), ZA(6), ZB(6), KODI (5)
With the exception of X, the symbols that apply to these routines are defined in appen-
dix C. The symbol X represents an eight-element array. The elements in this array
are proportional to the mole fractions of the natural-gas components. The order in
which these elements appear is as follows: CH4, C2H6, C3H8, C4H10 ' C5H12, C6H14,
N2, and CO 2.
The computer routines that apply to natural-gas mixtures are described in the fol-
lowing paragraphs. In order to calculate the thermodynamic properties of natural-gas
mixtures, all these routines have to be included in the program. The routines are iden-
tified by their deck names.
35
[F(3,3) - F(3,3,2) - 2F(3,1) + 2F(3,2)]+ 4 [F(4,4)]= 0
Pr
(83)
[F(3,3,3,2) - F(3, 3,3) - 3F(3, 3,2) + F(3, 3) + F(3, 2) - 3F(3,1)]
12 IF(4,4) F(4,4,3)] 0
Pr
(84)
[F(3,3,3,3) - F(3, 3,3,3,2) + 4F(3, 3,3,2) - 4F(3, 3,3) - 6F(3, 3,2) + 6F(3, 3) + 4F(3, 2)
- 4F(3, I)]+ 2-! [F(4,4) - 2F(4, 4,3) + F(4, 4,3, 3)]= 0
Pr
(85)
where the following definitionsare utilized:
I _ -0 9
I
[fi]= 1 -UoI [si]= A I [him ]=
1-%1 AI
1 0 0 0
1 B C D
1 B C D
A -B AB- 2C AC- 3D AD
(86)
The solutionto the set of algebraic equations (82)to (85)is, for Pr = 0.72
A 1.665
B i.367
C 0.6699
D 0.7161
The corresponding profile results are compared with the exact similarity solution in
table II and also shown graphically in figure 18. In addition to the obvious agreement,
we note the following comparison of slopes at the wall:
fdC/ = 0.2976
\dy ]_0
_00)
dfi _=0
= 0. 2980
36
(87)
(88)
Deck NAALOG
This is a logical function that tests whether the pressure and temperature lie within
the range of both the state equation and the ideal-gas specific-heat equation. In addi-
tion, a cheek is made on whether the natural gas is in the gaseous state.
Deck NMTLG
This subroutine, if necessary, will change the temperature such that it is above the
condensation temperature of natural gas.
Deck NMDATA
This is a block data subprogram that supplies constants for the other routines.
Exclusive of the library routines, these routines require 2889 storage locations.
The execution time for a typical case on an IBM 7094II/7044 direct couple computer is
of the order of 0.1 second.
A card listing of the decks that apply to natural-gas mixtures follows. The card
listings of the decks that are identical to those for methane are omitted in this appendix
but are in appendix B. The omitted decks are RGASC1, RDATA, and MEPOLY.
$1BFTC NMCCMP
SUBROUTINE BDATA IX)
CIMENSION X(8), MDL(8)t XMOL(8), S(8)t Hl8)t CP(8,811 T(8)t Pl8)t
1RHOIB)
COMMON /LDATA! XKVtRtMW,RC_D2tG
COMMON IPDATAI F{g)IZDATAIPC,TCtRHOCITDATAIAiB,3),H[,SI
REAL MOLtMW
DATA MOL_XMOL/L6.043930,O7t44.097t58oL24t72,[51186,I78t2B.O13_44oO
11t2.77527262t3,403528,3°78639175t4,Ob264748,4.27876II5t4.4564L492t
23.33266869_3.78441688/
CATA CP/2.7998255,,4284998t-°Z751805,2.582X711E-2t2.4X&57q2E-2,-2.
LSI63737E-3t-8°2465805E-4t[.I523272E-4,-9o853383fi,Xg.65767_t-[O.X86
2fiB2tI.8267443,.2463681,-.[202048_1°O807487E-2,O.O,-L6.796R07,29.08
34569t-13.810883_2.ZX98327t.3655X4Lt-.X532602tl.296668E-2tn.o,-1.81
4229_6p5.6640gTgt-°go7714_.1435233t.O34644782t-.O17195974tl.7660626
5E-3,0.O,-3.35980[4tT.4196271t-°72667It.O4553XB2_t4=O.O,-.S379224,5
6.b5_g353,,3607859,-oI68430Bt°O15475231_3*O.Ot2.SOl146,-g°720581E-3
7_1.C36056E-2t-4,437258E-3t6.B25596E-4_3*OoOt2.5044684,-.5nB5567,.4
88qO302t-3,73057LE-2t-2,522643E-2t6.1401476E-3,-G.l166357E-4,0.O/
OAT_ S_H/-2,42592233,-X6°722706_-24.4685144,-7.4352313p-9.71086973
Ig-g.62405754_-L.20430845_-°548L5092_-79_°25505I,-224.353146,43.254
268,-792,772573,-836,398938,-1261,94398)-699.709R35,-702,9_6595/
CATA P,T,RHO/4°626E6_4,894EG_4°257E6,3oT22E6,3o?99E6,3oL4qE6_3°3gB
3?
1Ebt_o368E6tlgO.77t305oS6,369.97t416o7t454,6t499.7,126.135_304o20tl
262._203.2t220oSt224.4,235.O,236.Tt31L.Ot468.0/
XX=CoO
DO ! N=It8
1 XX=_X÷X(N}
O0 2 N=It8
2 F(N}=X{N)/XX
F(gI=F(BI-F(TI/2.0+F(2}+2.0*F(3)+3.0*FI4)+4.0*F(5)+5oO*F(6}
PC=C.O
TC=C.O
RHOC=O.O
SI=CoO
_I=C.O
MW=C.O
DO 3 N=l,8
SI=SI÷F(N}*(S(N)-XMOL(N}}
HI=FI+F(N)*HIN}
MW=MW+F(N)*MOL(N}
PC=PC+F(N}*P{N}
TC=IC+FiN)*T(N}
3 RHOC=RHOC+F{NI*RHO(NI
SI=SI+ALOGIMW}
PC=P{X)/PC
TC=I(IIITC
RHOC=RHO(I}/RHOC
N4=_-N
A(NhtX)=O.O
O0 4 M=Zt8
4 A(Nk,II=AINN,I)÷F(M}*CP(NIM)
XN=_-I
IF {XN.EQ.O.O} XN=X.O
AINht2)=A(NNtI)/XN
5 A(Nht3}=A(NNtII/FLOAT(N}
R=831_.41/MW
RC=_.45105E-StMW
RETLRN
END
$1BFTC NMZETA
SUBROUTINE ZETA iKKtPPtTTtZ}
COMMON /VALUE/ F{4_41tG(6.4)
CDMMON /ZDATAI PCITCtRHOC
DIMENSION ZIb}
DDUeLE PRECISION FtG,BltB2vB3tB4tBS_ALtA2tA3tA4_A5tEltE2_PAtTA_TH1
ltTH2vTH3tTH4tDltD2tD3tD4tD5_FI_F2tUAtPtTtPltP2tUtTltRC_EXPC,RBtEXP
2BtZ_ltZCltABItABZ_AB3tAB4_AB5tZA_ZB_ZC_RBI_EXPBI_S_SS_PSII_PSI2,PS
313_PSI4_RCI_EXPCI,PSIS_PSI6_PSIT,PSI8
_AT_ BI_B2_B3tB4_BS,A1_A2_A3_A_tAS_E1_E2_PA/4.9147357_99168bO-03_7
lo37664223_78550D-O6,-loI45878430329230-OT,S.895102095111_lO-lO,-5.
2743_22813_3532D-13,-2.23983199201862DOO,1.3h_31253741270D-O3,2o75g
3101_2gO655ID-O5,-lo6554697?O53542D-OT,2°34£2_562687O64D-lO,-4o6002
_ODOCOOOOOOD-O2,-2.11770GOOOOOOOOD-lO,l. I33L8000_)OOOOOD02/
DATA TA,THI,TH2,TH3_TH_D1,D2,D3,D4_O5_F1,F2,UA/1.47710550000QOODO
38
12tXoO9934666473654D-X4tX.64873321284064DO7tl. O72436397624qXOO8t3o6
2644E888265514D-XSt-3o97760537106600DOOt-l.50622516081086D-02,4.329
340740732648D-O4t-lo85355607372189D-O6t2.0528631530331_D-Ogt-l.3787
4933CO00000DO3tl°34618460000000OOOtlo45511293919343D06/
K=KK
P=PP*RHOC
T=TI*TC
P|=P+PA
P2=Pl*Pl
U=P2*Pl
TI=T+TA
RC={FI+F2*P)/T
EXPC=OEXP(RC)
RB=(E|÷E2*U)
EXPE=DEXP(RB*T1)
ZBI=ITHI*P*P2*(U-TH2)*iTH3-U)_EXPB)/T
ZCI=IDI+KD2÷iD3÷(D4+DS*P)*P)_P)*P)*P*EXPC/T
IF (KoEQo2) GO TO 1
ABI=BI÷A1/T
AB2=B2÷A2/T
AB3=B3+A3/T
AB4=Bk+A4/T
ABS=BS+AS/T
ZA=],O+fABZ+(AB2+fAB3+(AB4+ABS*PI*p)*p)_p),p
Z(II=ZA+ZBI+ZCI
XF (K.EQoO) RETURN
ZA=I-O+(2.O*ABI÷(3°O*AB2+(k.O*AB3+(5.0_AB4+6.O,ABS,p),p),p),p},p
ZB=ZBI*(2-0*(I°O+P/PI)+3.O*P*P2*(E2*TI+I°O/(U-TH3)+I.0/IU-TH2)))
ZC=(F2*P*ZCI+EXPC*(2.0*DI+(3.0*D2+Ik.O*D3+(5.O*Dk+6.0,DS,P),p),p|,
IP)*P)/T
Zf3I=ZA+ZB+ZC
IF |K.EQ°I) RETURN
RBX=EI+E2*UA
EXPEI=DEXP(RBI*T1)
ZA=],O+IBI+IB2+IB3+IB4+B5*P)*P)*p)*p)*p
ZB=RB*T*ZB1
ZC=-RC*ZCI
ZI2I=ZA+ZB÷ZC
S=E2*T1
SS=F2/T
CALL POLY (Z,ltUtTtS)
CALL POLY (It2,P_T_SS)
ZA=IBI+(B2/2.O+(B3/3.0÷(B4/4.0÷B5*P/5.0)_p)*p)*p)_p
PS[I=F(I_I)-F(2_I)+F(3_I)-F(ktl)
PS[2=F(1,2)-F(2t2)÷F(3_2)-F(4t2)
ZB=THk*(PSII*EXPB-PSI2*EXPBI)
PS[3=G(I*I)-G(2_I)+G(3tl)-G(k,1)+G(Stl)-G(6tl|
PSI4=G(l*2)-G(2_2)+G(3_2}-G(k_2)+G(St2)-G(6,_|
RCI=F1/T
EXPCI=DEXP(RCI)
ZC=(PS[4*EXPCI-PS[3*EXPC)/T**2
Z(4)=ZA+ZB+ZC
[F (K.EQo2) RETURN
CALL POLY (2t[tUtTtS)
CALL POLY (2_2tPtTtSS)
PSIE=FIE,3I-FIZ_3)+F(3_3)-F(4t3)
PS[E=F(1,k)-F(2,k)+F(3_4)-F(k,k)
PSI?=G(1,3)-G(2t3)+G(3,3)-G(4,3)+G|5,3)-G(6_3|
PSIS=G(1,4)-G(2,4)+G(3,4)-G(4,4)+G(5_4)-G(6,4)
39
ZA=-(AX+(A212,0+fA313oO+fA414.O+AS*PIS,01*PI*P)*PI*PIT
ZB=TH4=fPSI5=EXPB-PSIG=EXPBX)
ZC=(PSI8=EXPC[-PSI7=EXPC|/Tt=2
Z(5I=ZA+ZB+ZC
ZB=]H4=T=(EXPB*(RB=PSIL-IF(L,ZI-2.0*F(2tt)+3,0*FI3iL)-4,0*F(4,XI)/
XT1)-EXPBX*IRBltPSI2-(F(It2)-2,O*F(2t2I+3,0*FI3t2)-4oO*FI4tZII/TL))
ZC=(EXPC*II2.0+RCI*PSI3-G(X,tI+2,0tGI2,Z)-3,0*GI3tLI+4.O*_(4tt)-5,
X*GI_t[)+6,0*G(6,XII-EXPCX*((2,0+RCX|*PSI4-G(I,2)+2,0*G(2,2I-3,0*GI
23tZI+4,0*GI4,2)-5,0*GI5t2)+6,O*G(6t2)|)/T**2
ZI6)=ZB+ZC
RETLRN
END
$1BFTC NMIEMP
DOUELE PRECISION FUNCTICN CPIT)
DOUELE PRECISION S
COMMONITDATAIAIBt3),HI,Sl
K=I
I S=TII.OD2
CP=_(ItK)
DO 2 N=2,7
2 CP=CP_S+A(N,K)
GO 10 (3_4_5)_K
3 CP=CP_S+A(8tZ)
RETLRN
ENTRY CS(T)
K=2
GO I0 1
4 CP=CP*S+A(8,2)*DLOGIS)+SI
RETLRN
ENTRY CH(T)
K=3
GO 10 I
5 CP=Tt(CP*S+A(Bt3II+HI
RETLRN
END
$1BFTC NMLOG
LOGICAL FUNCTION LGFN(P,T_J,Z)
COMMON IZDATA/ PC,TC,RHOC
COMMON /LDATA/ XKVvR,XMW_RC,D2tG
DIMENSION Z(6)
S=T/IO0.O
J=l
LGFh=.TRUE.
IF (P°GT.I°IE7.0R.P.LT.O°I.OR.S.LT.I.g.OR.S.GT.4.1.OR.Z(I).LE.O.O.
IOR.Z(2).LE.O.O.OR.Z(3).LE.O.O) RETURN
S=StTC
IF IS.GT,l.9077) GO TO 1
PLOG=8.30516+(-2og61-O.8/S)/S+.257*(S/I.1883-1oO)**Io32
IF (P*PC.GT.XKV*EXP(2.3025851*PLOG)) RETURN
I J=O
LGFk=.FALSE.
RETLRN
END
4O
$1BFTC NMILG
SUBROUTINE TLOGIC (P,T|
COMMON IZDATAI PC,TCtRHOC
DIMENSION A{9)
DAT_ AI4.S446557E-8,-I.280319E-6,g.48086ITE-6,l.2470553E-4_-8.7451
1662E-4tI°57066IE-5,,18723912,1,8253577t53,88758/
PP=PSPC
TT:T#TC
IF (TT.GT.Igo.77I RETURN
V=ALOGiPPt
S=O,O
CO 1 N=I_9
I S=S_V_A(N|
IF (TT°LT°S) T=S/TC
IF(I.LT.IgO.O)T=I90.O
RETLRN
END
$1BFTC NMCATA
BLOCK DATA
COMMON ILOATA/ RI6)
DATJ R|l)vRIS)_R(6)II.OtS.6_I.33333331
END
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